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Abstract 
The complexity and increasing demand of turbomachinery components manufactured for the aerospace sector has led these parts 
to become reference of the research and development of 5-axis machining. We can highlight as key components the Integral 
Bladed Rotors (IBR), such as impeller and blisk. Due to its functional and technical requirements, these parts are formed by 
complex geometry and manufactured in difficult to cut materials. Despite recent advances in five-axis machining, the reliable and 
efficient manufacturing of these components is still a challenge. Conventional pure geometric analyses carried out by CAM 
systems are insufficient in a machining process with high mechanical stresses. Tool deflections and/or vibrations in finish 
operations can produce damages in piece or machining components. In the present work a cutting force model for barrel-shaped 
cutter is proposed in order to optimize toolpath design process. 
 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Currently, manufacturing of Integral Bladed Rotors (IBR) is still a technological challenge. These aircraft engine 
components, demand complex freeform geometries. In addition, mechanical properties of the material must be 
maintained at high temperatures, pressures and corrosive environments. These requirements result in machining 
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processes with high mechanical stresses and in which a great flexibility in cutting tool spatial orientation is required. 
For this reason these parts have become a reference in the research and development of 5-axis machining. 
Five-axis machining process of an impeller or blisk starts with an initial revolution shaped form. Then roughing, 
semi-finishing and finishing milling operations are carried out to obtain the final part. In the present work a 
methodology for a reliable manufacturing is proposed. An overview of this 5-axis machining process is shown in 
Figure 1. The first step is toolpath design. This process involves complex calculations and different analyses. In 
recent years there has been a great progress in the development of algorithms for tool-path generation, or to obtain 
optimal free collision tool orientations [1,2]. Also CAM systems have evolved, in which it is possible to generate in 
an easier way complex milling operations and with higher design flexibility. In this sense many CAM software 
companies have developed modules focused on turbomachinery components milling.   
 
 
Fig. 1. Integral turbine components 5-axis machining process. 
Simulations are necessary to optimize the design process. A chip removal simulation displays the cutting tool 
moving along the path in a 3D CAD environment and the material that is being removed. In this way, overcut and 
undercut areas can be detected. On the other hand, a simulation of generated operations, including the different 
components of the machine makes it possible to detect global collisions. The verified milling operations are 
postprocessed to obtain the numeric control files, which are executed in a 5-axis machine-tool to get the final 
workpiece.  
Some other verifications are needed to optimize the machining process. Final part measurement is at the same 
time a quality control and CAM software chip removal simulation check. Tool wear produced in cutting edges 
allows to rate the suitability of different trajectories or tool geometries and coatings. 
However the conventional pure geometric analysis carried out by CAM systems are insufficient in a machining 
process with high mechanical stresses. Cutting forces can produce tool deflections and/or vibrations, which would 
lead to rejects in pieces that may have a very high added value. Moreover, cutting tools and machine components 
damages may occur. Cutting forces research and its modeling is one of the most traditional areas of scientific 
literature related in machining. Different models have been developed to simulate forces in 5-axis machining of 
blisk and impellers [3-6], in order to complete toolpath design using mechanical analysis. These models must be 
validated with the cutting forces measured during machining. 
A force model is highly recommendable to check blade finish milling operations, in which the margin of error is 
lower. The main used finishing techniques are point and flank milling. In point milling contact between cutting tool 
and piece during chip removal occurs in an area close to a point. In Figure 2 this contact is represented in red colour 
for ball nose end, tapered ball nose end and barrel-shaped mills. In barrel-shaped cutters spherical shape radius in 
the contact is higher than in a similar size ball nose end mill. So using barrel-shaped cutters removed material is 
higher. Therefore blade finishing machining time for can be reduced considerably. On the other hand, in flank 
milling chip is removed with the flank side of the tool. In Figure 2 this contact is represented in blue colour for ball 
nose end, flat end and tapered ball nose end mills. Flank milling operation only can be applied on single-curved or 
ruled surfaces [7-9]. Moreover only developable ruled surfaces can be machined in one cutting pass without 
generating overcut or undercut zones. As the angle between the tangential planes at both ends of an isoparametric 
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line and tool diameter used increase, the interference error increases too. Although in flank milling a high volume of 
material is removed, vibrations and tool or thin walls deflections can occur due to high cutting forces. In Figure 2 
marks in an aluminium 7075 blade due to vibration during a flank milling operation using a tapered ball nose end 
are shown. 
 
Fig. 2. (a) point and flank milling contact zones; (b) vibration marks in an aluminium 7075 blade. 
Therefore it can be concluded that barrel-shaped cutter is a good solution to optimize a blade finish operation. 
Compared with flank milling, even if more machining time is needed, mechanical stresses and surface type 
limitations are lower. On the other hand, compared with a ball nose end cutter, milling operation machining time is 
reduced. In the present work a cutting forces model for barrel-shaped mills is proposed, with the objective to control 
the stresses produced during machining. In this way toolpath design process can be optimized, avoiding defects in 
final part blades. 
 
Nomenclature 
dFt, dFr, dFa differential cutting forces in tangential, radial and axial direction  
dFx, dFy, dFz  differential cutting forces in Cartesian coordinates 
Kte, Kre, Kae specific friction cutting coefficients 
Ktc, Krc, Kac specific shear cutting coefficients 
dS  flute length segment 
db  differential chip width 
h(ϕj,k)  theoretical chip thickness 
ψ(z)  phase difference between an edge element at z and another at z=0 
ϕ  angular position of an edge element at z=0 
ݎԦ (z)  position of the elements forming part of a j edge 
 
2. Mechanistic cutting force model for barrel-shaped cutters 
The method used to model the cutting forces in barrel-shaped cutters, is to consider the forces on differential 
elements of the edge, and then to integrate for the whole area of the cutting edge and adding the contributions of all 
involved teeth [10]. In this way, the cutting forces acting on an infinitesimal element of the edge are tangential, 
radial and axial according to Figure 3: 
 
݀ܨ௧ǡ௝൫߶௝ǡ ݇൯ ൌ ܭ௧௘݀ܵ ൅ ܭ௧௖݄൫߶௝ǡ ݇൯ܾ݀ 
݀ܨ௥ǡ௝൫߶௝ǡ ݇൯ ൌ ܭ௥௘݀ܵ ൅ ܭ௥௖݄൫߶௝ǡ ݇൯ܾ݀ 
݀ܨ௔ǡ௝൫߶௝ǡ ݇൯ ൌ ܭ௔௘݀ܵ ൅ ܭ௔௖݄൫߶௝ǡ ݇൯ܾ݀ 
 
(1) 
a b
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where db is the differential chip width (dz /sin k) and dS the flute segment length, which is obtained in the next 
section and depends on tool geometry. Theoretical chip thickness h(ϕj,k) and the angular position of a j edge element  
ϕj(ϕ,k)  are defined as:  
 
݄൫߶௝ǡ ݇൯ ൌ ௭݂  ߶௝  ߢ 
߶௝ሺ߶ǡ ݇ሻ ൌ ߶ ൅ ሺ݆ െ ͳሻ߶௣ െ ߰ሺݖሻ 
(2) 
 
(3) 
 
being ɗሺሻ the phase difference between a cutting edge element located at a z height and an another which placed 
at  z = 0 height and whose angular position isԄ. 
 
 
Fig. 3. (a) barrel-shaped cutter; (b) Cutting forces in a differential element of the edge. 
Substituting one equation into the other, forces on the j differential element of the edge depending on z are 
obtained: 
 
݀ܨ௧ǡ௝൫߶௝ǡ ݖ൯ ൌ ܭ௧௘݀ܵሺݖሻ ൅ ܭ௧௖ ௭݂ ݏ݅݊ ߶௝ ݀ݖ
݀ܨ௥ǡ௝൫߶௝ǡ ݖ൯ ൌ ܭ௥௘݀ܵሺݖሻ ൅ ܭ௥௖ ௭݂ ݏ݅݊ ߶௝ ݀ݖ 
݀ܨ௔ǡ௝൫߶௝ǡ ݖ൯ ൌ ܭ௔௘݀ܵሺݖሻ ൅ ܭ௔௖ ௭݂ ߶௝ ݀ݖ 
 
(4) 
 
These forces are projected onto Cartesian axes as follows: 
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݀ܨ௬ǡ௝൫߶௝ǡ ݖ൯
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ൢ ൌ ൥
െ߶௝ െ ߢ ߶௝ െ ߢ  ߶௝
 ߶௝ െ ߢ ߶௝ െ ߢ ߶௝
Ͳ  ߢ െ ߢ
൩ ൞
݀ܨ௧ǡ௝൫߶௝ǡ ݖ൯
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݀ܨ௔ǡ௝൫߶௝ǡ ݖ൯
ൢ 
  
(5) 
 
Total forces acting on j cutting edge are obtained by integrating with respect to z for the whole cutting depth ap. 
Finally, tool total forces are obtained by adding the contribution of all the edges involved in the cutting zone. 
 
ܨ௫௬௭ǡ௝൫߶௝൯ ൌ න ݀ܨ௫௬௭ǡ௝
௭మ
௭భ
൫߶௝ǡ ݖ൯ ՜  ܨ௫௬௭൫߶௝൯ ൌ෍ܨ௫௬௭ǡ௝൫߶௝൯
௭
௃ୀଵ
 
  
(6) 
a b
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2.1. Barrel-shaped cutters edge geometry 
The ݎԦሺݖሻ vector defines the position of the elements forming part of a j edge according to their angular position 
߶௝, radius r (z) and height z: 
 
ݎԦሺ߶ǡ ݆ǡ ݖሻ ൌ ݎሺݖሻሺଓԦݏ݅݊߶௝ ൅ ଔԦ ߶௝ሻ ൅ ሬ݇Ԧݖ (7) 
 
The expression of z with respect to the radius r(z), the phase difference ψ(z) and the local helix angle is obtained 
as: 
 
ݖ ൌ  ሺݎሺݖሻ ൉ ߰ሻݐܽ݊ሺ݅ሺݖሻሻ 
(8) 
 
For a barrel-shaped cutter the radius with respect to z, is given by the expression: 
 
ݎሺݖሻ ൌ ඥሺͲǤͷܦଶሻଶ െ ݖଶ െ ͲǤͷሺܦଶ െ ܦሻ (9) 
 
The length of an infinitesimal cutting edge segment dS is the module of a differential of the position vector. 
Therefore deriving the position vector of an edge point with respect to ߶ǣ 
 
݀ݎԦ
݀߶ ൌ ଓԦሺݎ
ᇱሺݖሻ  ߶௝ ൅ ݎሺݖሻ ߶௝ ൉ ߶ᇱ௝ሻ ൅ ଔԦቀݎᇱሺݖሻܿ݋ݏ߶௝ െ ݎሺݖሻ ߶௝ ൉ ߶ᇱ௝ቁ ൅ ሬ݇Ԧሺݖᇱሻ 
 
(10) 
 
However, the forces are calculated integrating with respect to z. So it is convenient to obtain the length of an 
infinitesimal cutting edge segment with respect z. Thereby the following expression is obtained: 
 
݀ܵሺݖሻ ൌ ȁ݀ݎȁ ൌ ݀ݖටሺݎᇱሺݖሻሻଶ ൅ ሺݎሺݖሻ ൉ ߶ᇱ௝ሻଶ ൅ ͳ 
 
(11) 
where ݎᇱሺݖሻand ߶ᇱ௝ are: 
 
ݎᇱሺݖሻ ൌ ݀ݎሺݖሻ݀ݖ ൌ
െݖ
ඥሺͲǤͷܦଶሻଶ െ ݖଶ
 Ǣ ߶ᇱ௝ ൌ
݀߶௝
݀ݖ ൌ
െ  ݅଴
ܦȀʹ  
 
(12) 
 
One complication is that tooth passing frequency (and its harmonics) or chatter frequency may be present in the 
spectrum of the cutting signal. For this reason, runout is considered inside the model by modifying chip thickness 
relation (2) adding an offset c (13). Eccentricity was measured at the middle height of the immersion for the 
different characterization tests. Convention normally used is that the maximum tooth radius is set to reference value 
(0) and then the others will set to negative. With these data, the model calculates the runout for other immersion 
levels. 
 
݄൫߶௝ǡ ݇൯ ൌ ௭݂  ߶௝  ߢ ൅ ܿ (13) 
As an example, the cutting forces produced by helical end-mills (κ=90ͼ) with and without runout are compared in 
up-milling. Simulation parameters are: D=12mm, ae=6mm, ap=1mm, Z=4, β=30ͼ, fz= 0.1 mm/rev/Z, S=7500rpm. 
Cutting force coefficients are Kt=700 MPa and Kn=200 MPa and 6 periods were plotted.  As can be seen in Figure 4, 
runout produces a fluctuation of cutting forces, with forces lower or higher than in ideal cutting 
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Fig. 4. (a) cutting forces without runout; (b) Cutting forces with runout c=[0 -10 -5 -20] 
3. Characterization tests 
The objective of this stage is to obtain the value of the specific friction cutting coefficients (Kte, Kre, Kae) and the 
specific shear cutting coefficients (Ktc, Krc, Kac). For this characterization orthogonal contour milling cutting tests in 
aluminium 7075 were performed. The tests were carried out in an Ibarmia® ZV25/U600 EXTREME 5-axis 
machining center (Figure 5). A solid carbide barrel-shaped cutter with 8mm shank diameter, three flutes, 30° helix 
angle and 90mm flank radius was used (Figure 3). Three axial depths of cut with three feeds per tooth were 
combined to calculate the coefficients for two different spindle speeds. Cutting conditions of the experiments are 
summarized in Table 1. Forces were measured using a Kistler® 9255B dynamometer table. For signals data 
acquisition a Kistler® 5019 multichannel charge amplifier and an OROS® OR35 real-time multianalyzer were 
employed (Figure 5). 
 
 
Fig. 5. machining center and data acquisition components. 
Table 1. Machining set up. 
Cutting conditions  Tool parameters 
Material Al 7075  Barrel-shaped cutter 
Radial depth ae 0.3 - 0.6 - 0.9 mm  Flutes Z 3 
Feed per tooth fz 0,08 - 0,06 - 0,04 mm  Flank radius 90 mm 
Spindle speed S1 4000 r.p.m.  Helix angle 30° 
Spindle speed S2 6000 r.p.m.  Shank diameter 8 mm 
Offset from tool tip 20 mm  Tip radius 1 mm 
Cut direction Climb cut  Cutting edge length 24 mm 
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The simulation proceeds iteratively as follows: a) instantaneous chip thickness is calculated; b) cutting force is 
calculated; c) the force is used to find the new displacements and the tooth angle is incremented. Table 2 shows the 
cutting coefficients obtained in the characterization stage for the barrel tool with 4.000 r.p.m. spindle speed. Also, 
measured cutting forces, in red dots, and cutting forces extracted by the inverse model are compared. 
Table 2. Cutting coefficients for the barrel tool (S1=4.000 rpm). 
 . z1 . z0 
 
Ktc -1651.4 -15540 
Krc -1219.0 -9958.5 
Kac 243.7 2353.0 
Kte 0 -21.4 
Kre 0 -42.5 
Kae 0 10.05 
 
4. Model validation tests 
Cutting conditions were modified for model validation milling tests as shown in Table 3 (cutting parameters 
changed are noted with *). Based on the cutting parameters of a test carried out in characterization, in the first three 
cases radial depth, feed per tooth and spindle speed were modified respectively. In the final case the three 
parameters were changed.  
Table 3. Conditions for model validation (D=8 mm, Z=3) 
Case N [rpm] ae [mm] fz [mm/revZ] 
1 4000 0.4* 0.06 
2 4000 0.6 0.05* 
3 5000* 0.6 0.06 
4 5000* 0.4* 0.05* 
 
Figure 6 shows real cutting forces signals and simulated cutting forces in case 2. In both graphics the 
influence of the tool runout can be appreciated. For this case, 2 and 8 um runouts were measured in second 
and third cutting tool edges. 
 
 
Fig. 6. Case 2 (a) real cutting signals; (b) simulated cutting forces. 
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From the results obtained in Table 4, it is appreciated that the mechanistic cutting forces model fits well with the 
experimental cutting forces, with a relative higher dispersion in the results for the cutting force in Fz tool axis, which 
is lower in magnitude than the other two. Even though, results are more than satisfactory. 
Table 4. Averaged forces/tooth. 
Case 
Real measured cutting forces Simulated cutting forces 
Fx,t [N] Fy,t [N] Fz,t [N] Fx,t [N] Fy,t [N] Fz,t [N] 
1 13.76 -18.41 -4.82 14.07 -18.50 -5.10 
2 21.12 -31.36 -4.17 21.94 -33.16 -6.22 
3 26.17 -35.89 -7.22 25.33 -36.24 -9.05 
4 13.22 -17.61 -3.23 12.23 -16.97 -4.50 
 
5. Conclusions 
Currently, manufacturing of Integral Bladed Rotors (IBR) is still a technological challenge, due to the complex 
geometries and difficult to cut materials. Despite recent advances, it is necessary to complement geometrical and 
mechanical analyses of the process. In this work a cutting force model for barrel-shaped mills is proposed. Several 
milling tests were carried out in order to complete the characterization and validation of the model. Cutting tool 
edges runout influence was included in the model as well. The mechanistic cutting forces model fits well with 
experimental cutting forces. The aim of ongoing works is to adapt this model to 5-axis milling processes such as 
machining of blisks and impellers. 
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